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PLUTONIUM SCRAP MULTIPLICITY COUNTER OPERATION MANUAL

by

H. O. Menlove, J. Baca, M. S. Krick, K. E. Kroncke, and D. G. Langner

ABSTRACT

This manual describes the design features and performance and operating
characteristics for the plutonium scrap multiplicity counter (PSMC). It counts
neutron multiplicities to quantitatively assay plutonium in many forms, includ-
ing impure scrap and waste. Monte Carlo neutronic calculations were used to
design the high-efficiency (55%) detector using eighty 3He tubes in a high-
density polyethylene body. The new multiplicity shift-register electronics can
sort multiplicities up to 256. The PSMC can be applied to plutonium masses in
the range from a few milligrams to 5 kg; both conventional conincidence count-
ing and multiplicity counting are used as appropriate. This manual gives the
performance data and preliminary calibration parameters for the PSMC.
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GENERAL

DESIGN FEATURES

INTRODUCTION

i =

The plutonium scrap multiplicity counter (PSMC) is a high-
efficiency neutron counter designed for measuring the multi-
plicity of the neutron emission from both spontaneous fission
and induced-fission reactioas in plutonium and uranium. The
PSMC can also be used to measure the neutron multiplicity
from the spontaneous fission in curium,

The PSMC was developed to measure impurc plutonium and
mixed-oxide (MOX) scrap materials that are under
International Atcmic Energy Agency (IAEA) inspection. We
performed basic research for and design of the PSMC hard-
ware and software under the Department of Energy safe-
guards research program. The Program of Technical
Assistance to IAEA Safeguards funded PSMC fabrication
and implementaticn.

The PSMC will be applied to impure plutonium and MOX
samples that 1ange in mass from a few tens of grams to
several kilograms of high-burnup plutonium. The PSMC
also can be used for the assay of subgram inventory samples
that have been bagged out of glove boxes.

The PSMC evolved from multiplic .ty neutron detectors!:2
developed at Los Alamos for impure plutonium samples.

The new unit was designed to be more - npact and to use
fewer 3He tubes (o obtain a high efiiciency. We designed the
PSMC by using the Monte Carlo C >« for Neutron and
Photon Transport (MCNP) to perfo.m the Monte Carlo
neutron calculations.3 The design goals for the PSMC were

high efficiency (primary importance),
uniform efficiency vs . .nple height,
small die-away time,

flat energy responsc.

minimum number of 3He tubes, and
minimum overall size and weight.

ARl

The first four of these design goals work in opposition to

the last two. However, the MCNP calculations provided data
to significantly improve on the prior designs. For example,
the pyrochemical detector2 used one hundred twenty-six 3He
tubes to obtain an efficiency of 57%, whereas the present
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DESIGN FEATURES design uses eighty >He tubes to get an efficiency of 55%,
(cont.) but with slight degradations in the die-away time and the

energy response.

Figure 1 shows a schematic diagram of the PSMC design
with the eighty 3He tubes surrounding the sample cavity with
a diameter of 20 cm. The outer dimensions of the polyethy-
lene (CH2) shield are 66 by 66 by 80 cm. The total height is
92 cm. The nvmber of 3He tubes was reduced in direct
proportion to the decrease in the thermal-neutron flux density
in the CH2 moderator. Thus, the tube density is much higher

Polyethylone

3He
Graphite
Air

Alumisum

Junction Box

| Y074 27 77777 L2727 77 2 77770,

Concrete Flcor

S |

» Fig. 1. Schematic diagram of the PSMC showing the location of the
eighty 3 He wubes and the graphite end plugs. The sample cavity height is
41 cm and the diameter is 20 cm.
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DESIGN FEATURES in the first ring of tubes near the sample cavity than in the
(cont.) fourth ring of tubes away from tae sample.

The sample cavity is lined with cadmium (0.8 mm thick) both
to prevent thermalized neutrons from returning from the CHj
into the sample and inducing fission reactions and to shield
the 3He tubes from a possible high-intensity gamma-ray dose
from high-burmup plutonium samples. There is no cadmium
on the outside of the detector rings to reduce room-
background levels. MCNP calculations? have shown that
cadmium only reduces the totals background rate by ~16%,
and the cadmium introduces its own background of
coincident neutrons from cosmic-ray spallations. The end
plhgs shown in Fig. 1 are made of graphite to scatter the fust
neutrons from the end zones back into the CH; detector
volume.

The MCNP calculation of the response of the detector
system as a function of neutron energy is shown in Fig. 2
along with the comparison curve from the pyrochemical
counter.2 The majority of spontaneous fission and (c,n)
reaction neutrons have energies in the range of 0.5-2 MeV.

-]
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Piutonium Scrap Counter

EFFICIENCY (%)
8
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&
T

40 1 A 1 1
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ENERGY (MeV)

Fig. 2. MCNP calculations of the efficiency vs the neutron energy for the
PSMC and the pyrochemical counter.?
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The eighty 3He tubes have an active length of 71 cm with the
specifications given in Table L. The 3He tubes partially with-
drawn from the CH3 are shown in Fig. 3. The 3He tubes are
connected to the AMPTEK amplifiersS as shown in Fig. 4.
To give approximately equal counting rates to each

Table I. Helium-3 Tube Parameters

*

Model
Active length
Diameter

Fill pressure
Gas quench
Cladding

Operating voltage 1680 V

RS-P4-0828-101
71 cm

2.54 cm

4 atm

Argon + CHy
Aluminum

Fig. 3. Photograph of the 3He tubes and high-voltage junction box partly

withdrawn from the PSMC,
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Fig. 4. Schematic diagrax of the relationship between the 3 He tubes and
the AMPTEK amplifier board in the high-voltage junction box. The
PSMC contains 19 AMPTEK boards inside a larger high-voltage box
than depicted in Fig. 4.

AMPTEK amoplifier, fewer tubes are connected to each
amplifier for the inside tube ring than for the outer rings. For
example, one amplifier services three tubes on the innermost
ring and six tubes on the outside rings. Figure 5 shows the
measured counting rae from each AMPTEK amplifier for a
252Cf source in the center of the sample cavity. This demon-
strates the decrease in the neutron flux density with distance
into the: CHa.

The 19 AMPTEK amplifiers that are used with the PSMC are
shown in Fig. 6. The amplifier boards are electrically
isolated from the detector siznal lines by an aluminum
grounding plate also shown in Fig. 6. Each of the 19 ampli-
fiers has a digital ouiput signal that causes a light-emitting
diode, shown in Fig. 7, to blink. The twentieth signal light
indicates the status of the 5-V power supply for the amplifier
boards.
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INTRODUCTIOPM

RINGS-3+4

RINGS 1&2

200

100

RELATIVE COUNTING RATE PER CHANNEL

1 2 3 4567 8 910111213141516171819
AMPTEK CHANNEL

Fig. 5. Measured counting rates from the 19 individual AMPTEK boards
for a ceniral neuiron source in the PSMC showing the number of tubes
connected io each amplifier.

Fig. 6. Photograph of the high-voltage junction box including the
AMPTEK boards.
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Fig. 7. Side view of the LED lights that connect to the AMPTEK hnard
and the four desiccant tubes in the PSMC.

Figure 7 also shows the four removablc desiccant tubes that
are used to keep the detector high-voltage box dry.

The assembled PSMC detector is shown in Fig. 8.

Fig. 8. Photograph of the assermbled PSMC.
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PERFORMANCE CHARACTERISTICS

A series of measurements was taken to evaluate the perfor-
mance of the detector. They consisted of measuring the high-
voltage plateau, the neutron die-away time, the deadtime, and
the absolute efficiency of the detector.

The high-voltage plateau was measured using a californium
source. The high voltage was started at 1500 V and incre-
mented by 20 V for each successive measurement until
1900 V was reached. At each voltage, the totals rate was
measured. The data are shown in Fig. 9. The knee occurred
at 1640 V. The operating voltage is shown to be 1680 V,
40 V above the knee.

An 281Am sample with a high-dose rate of 500 mR/h at the
surface was measured as a function of high-voltage setting to
evaluate gamma-ray interference problems. As can be seen
in Fig. 9, there is no interference problem for 500 mR/h at an
operating voltage of 1680 V.

700 1 1 ¥ H
$00 mR/h

600 |- _
= 10 mRM
« 500 | .
@
9
o 400} -
- 1680 V

Operating HV
300} N
200 1 1 1 i
1500 1600 1700 1800 1900 2000
HIGH VOLTAGE (voits)

Fig. 9. High-voltage plateuu for the PSMC including a second plateau
measured under high gamma-ray background conditions (500 mR/h).
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DIE-AWAY TIME

DETECTOR DEADTIME

We used a 252Cf source and gate settings ranging from 8 to
128 us to measure the average die-away time of the PSMC to

be

T=47 s .

The PSMC can be used in both the conventional (two-
parameter) coincidence counting mode and in the multiphcity
mode. The deadtime considerations are much more complex
for the multiplicity mode.

For the simple coincidence mode, the deadtime coefficient
dis given by

d=(a+bT+10%us ,

where T is the measured totals rate in counts/s and a and b
are constants given in Table II. The comrected counting rates
are

T(corr.) =T ST
and
R(corr)=R e .

It is important to use the same deadtime coefficient for both
calibration and assay so that any crrors in the correction will
cancel to a first approximation.

10
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DETECTOR DEADTIME
(cont.)

TABLE II. PSMC Ferformance Characteristics
(Date: May 21, 1991)

Parameter WDAS

Efficiency 55.0%
Die-away time (center) 47 us

Gate setting 32us

High voltage 1680 V
Deadtime coefficient g 0.409 us
Deadtime coefficient b 0.1°Z us
T(CR-5) on May 21, 1992 4754 counts/s
R(CR-5) on May 21, 1992 2556 counts/s

MULTIPLICITY DEADTIME For multiplicity analysis, the deadtime corrections are done
with the equations derived by Dytlewski’ using a constant
deadtime d. The value of d was determined by measuring
several 252Cf sources with different neutron source strengths.
The triples/doubles multiplicity ratio should be independent
of the neutron source strength after deadtime correction. The
value of 4 that gave the best average was

d=12!ns .

EFFICIENCY The efficiency for the PSMC was measured using a cali-
brated 252Cf source (CR-5) on May 21, 1992, and the result
was

_ 475457

=245 _0.550
€=3638n/s >0 -

The efficiency measurement was repeated after field
installation and the result was

e=0.541.

11
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To determine the effects of different matrices on the mea-
surement, a californium source wes placed in a 10-cm-diam
can filled by a matrix. The can setup is shown in Fig. 10, and
the data are displayed in Fig. 11. The graph shows that the
detector is fairly immune to the neutron energy moderation in
most matrix materials.

Matrix
Material

— Ct Source

Fig. 10. Neutron source ana can geometry for measuring
the matrix effects on the counting -, [iciency.

EMPTY L Ll
B TtRiPLES
SAND : e O pouass
B snGLes
ASH
&
% LEADSHOT
-
IRON SHOT
CH2 SHAVINGS
CH2 (0.9 glem3)
T —— v Y |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

COUNTING RATES NORMALIZED TO EMPTY CAN

Fig. 11. Resulis of the matrix study for singles, doubles, and triples nor-
malized tc the empty can case.

12
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CONTAINER EFFECTS The effects of the container walls were evaluated by placing a
californium source in a steel can with various wall thick-
nesses. The experimental setup is shown in Fig. 12, and the
data are shown in Fig. 13. The graph can be used to correct

% ©_m

Fe Thickness

>

\

't—— Ct Source

-

Fig. 12. Can geometry for measuring the effect of iron
can walls on the response.

O

1.10 T T T T

PSMC
1.08 |- u Totals: Slope = +0.0817%/mm -1
@ Reals: Slope = 40.2400%/mm
7] /
g 1.08 R
(=]
g 1.04
«
E 1.02
g1
Z
1.00
0.98 1 1 t |
0 2 4 6 8 10

{RON WALL THICKNESS (mm)

Fig. 13. Results of the test for the effect of the iron-can-wall thickness on
the singles and doubles rates normalized 10 unity for zero wall thickness.
The HLNC-II results are included for comparison.

13
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AXIAL PROFILES

RADIAL PROFILES

PERFORMANCE CHARACTERISTICS

measurement data for wall effects. The efficiency correction
is very small, <0.5% for normal sample cans. The data for an
HLNC-II are shown in Fig. 12 for comparison with the
PSMC. In general, the container material and thickness have
a negligible effect on the PSMC results.

A 252Cf point source of reutrons was used to measure the
axial and radial response profiles for the PSMC.

The axial efficiency profile (see Fig. 14) varies by less than
12% over the height (41 cm) of the cavity and the coinci-
dence (doubles) profile falls within the +2% boundaries over
practical sample fill heights. Of course, the integral response
for a can of plutonium has less variation than the measured
252Cf point source.

The same 252Cf source was used to measure the radial
response variation at the midplane of the sample cavity. The
results are shown in Fig. 15 for the totals and reals rates. The
efficiency variation is 1.5% over the 16-cm can diameter. In
general, the sample can should be centered in the cavity and
the integral radial variations will be <1%.

1.20 T T Y

118 8 Totals -

® Reals
w 110} -
E
= 105} -
®

91°°~ LR .....mc i
i ° .2% #.
g 0.95 |- ® o
Z 000} _

T
]

o

2
i
|
i

DISTANCE FROM BOYTOM (cm)

Fig. 14. Measured reals and totals rates as a function of distance above
the boztom of the sample cavity.

14
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RADIAL PROFILES 1.05 T — r o -
{(cont.)
1.04 |- -

1.03

1.01

NORMALIZED RATES
S

1.00 =
0.99 1 1 A 1
0 20 4 80 80 100
RADILS (m--)

Fig. 15, Measured reals and totals rotes a; u function of radius from the
center of the sample can.

For the con ntiona' - wo-parameter analysis of neutron coin-
cidence dat: it is uscful to defin' **. multiplicaiion constant
Pp where

Po = TTIE( '+«, (for a nonmultiplying sample),

where ais “he cz  'ated ratio of alpha-particle-induced
neutrons to spcata.. us- fission neutros.

Small MOX peli  ‘were used to measure p,, giving

9.97
99.39

Po= (1+u. '1)=0.200

for a predelay of 4.5 ps and a gau  ngth of 32 ps.

The multiplicity analysis does not us. :he p, constant.

15
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PRECALIBRATION A preliminary conventional calibration was performed
FOR SMALL SAMPLES using small MOX pellet standards. The response is described
by a straight line through the origin

R=aMyy ,
where a = 114.8 and M24g is the 240Puy-eff. mass in grams.

Moo = 2.52 238py + 240py + 1.68 242py .

In this case, the muluplication is negligible and « is veell
known.

PRECALIBRATION The PuO; and MOX standards in the mass runge of interest
are used to calibrate the PSMC. At Los Alamos, we used
the standard LLAO and PEOQ sets of PuO» standards for a
preliminary calibration.

Table HI gives the specifications for the LAO and PEO stan-
dards. These samples were measured in the PSMC, and the
results are presented in Table IV.

TABLE IN. PuO; Can Data (as of 3/6/88)
) Reference | o238 | %239 | %240 | %241 | % 252 | o 241Am | GramsPu | 239+ 261p, e%py | o
PEO-382B 5/80 [0.024 |89.70 | 969 | 048 | 0.11 | 0407 7481 67.47 742 | 0610
PEO-382C 580 {0024 18970 | 969 | 048 | 0.1 | 0407 | 1496 1349 1484 | 0610
PEO-385 580 {0021 {9020 | 927 041 | 009 | 0345 | 4s80 | a1s0 4335 | o614
PEO-381 580 |0.029 8893 |1034 . 058 | 012 | o04s | 6132 548.9 6502 | 0.601
PEO-447 s0 |0.035 |89.09 |1caa | o058 | 016 | o4er | 7767 696.4 81.40 | 008
LAO2SICI0 | 9n7/83 |0.063 8214 |1635 | 107 | 034 [ 0368 | 1715 142.7 2931 | 04is
LA0252C10 | 107383 |0.055 |8230 [1625 | 104 | 038 | 0357 | 3211 267.7 5438 | 041
LAO256C10 | 102683 0058 |s2.28 [1629 | 104 | 034 [ 0338 | 3rc0 319.9 6514 | 0.409
LAO255C10 | 1024153 |0.068 |82.25 [1629 | 105 | 034 | 0351 | se26 | 4s19 22 | oas
LAO261C10 | 9722/83 |0.058 8216 |1638 | 1.07 | 034 | 03% | 8467 704.6 1444 | 0407
LAG261CI | 922783 {0058 Je216 {1638 | 107 | 034 | 033 | 816 | 719 | w92 | 047
e ———

16
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TABLE IV. Neutron Multiplicity Data and Assay Results

—

L_ Moments Assay/Reference
Sample Singles Doubles Triples 240py-eff | Conventional | Multiplicity
6 s RG] (g)
PEO382B 7415.0 8916 | 2254 7.414 1.077 1.018
PrO382D 30399.1 40358 1248.0 29.66 1.083 1.013
PEO385 43 452.0 62735 2135.2 43.33 1.036 1.014
PEO381 65515.3 9633.0 3508.6 64.95 1.052 0.986
PEO447 81 090.2 12 808.2 5020.0 81.31 1.019 0.997
LAQ251C10 24 526.4 38234 1163.8 29.29 1.009 1.002
LAO252C10 45 743.7 7 668.0 2635.4 54.33 1.001 1.005
LAO256C10 54 532.7 9471.8 33635 65.1 0.990 1.018
LAO255C10 78 505.5 14 067.7 $401.5 92.14 0.991 1.010
LAO261C10 | 125044.5 23 781.4 10 625.5 144.3 1.004 0NN
LAO261C11 129329.3 24 559.9 107372.8 149.1 1.005 0.989
Average 1.025 1.002
Standard Deviation 9.033 0415
Percent 33 1.5

8The data were taken with a 3.0-us predelay and a 64-i:s gate.

Table IV presents the counting data for the multiplicity
analysis and the assay/reference ratios for both the conven-
tional (two parameter) and multiplicity (three parameter)
analyses (64-us gate). We see that the standard deviation is
reduced from 3.3% to 1.5% by using the multiplicity analy-
sis. These results are illustrated in Figs. 16 and 17.

The data given in Table IV and Figs. 16-17 correspond to a

3-us predelay and a 64-ys gate. To be more conservative in
the electronics for high-count-rate applications, we changed
from the above parameters to a 4.5-ys predelay and a 32-us

gate for the final calibration.

The small MOX pellets were measured as a group of five
pellets and sample A1-078 was measured individually. The
results are listed in Table V.

The ash sample (STDASH-1) and the diatomaceous earth

sample (STDSGA-100) have o values that are significantly
higher than the values calculated for a pure oxide. The

17
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13 r— 2/ LAOs -

1.2} ~

11 "D a n

10— 8———» 4 D*F —

0.9 -1

ASSAY/REFERENCE

0.8} -
X

07} .

0.8 L 1 1
) 50 100 150 200

U0pyoit. (g)

Fig. 16. The assaylreference error vs 240Pu-eﬁ'. mass for pure (LAO)

and impure (PF.0) PuQj samples using the conventional two-parameter
assay.

1.4 T T

13 B LAOs -
12 -1
111 —

1wHl—0 0 s R on _—

09 -1

ASSAY/REFERENCE

08} -1

0.7 |- .

0.6 1 1 1
0 50 100 150 200

240 py-eft. (g)

Fig. 17. The assayireference error vs 240Pu-eff. mass for pure (LAO)
and impure (PEO) PuO) samples using the multiplicity assay.

18



PLUTONIUM SCRAP MULTIPLICITY COUNTER

OPERATIONMANUAL _ PERFORMANCE CHARACTERISTICS
PRECALIBRATION
(cont.)
TABLE V. Preliminary PSMC Test Data
At 240py eff Singles | Doubles | Triples Isoiopics? Doubles
Sample (s) (®) (s71) s s « a M 1 240py s
Al-078 100 x 50 0.0888 99.39 997 2.30 1.037 0.981 1.00 112.3
5 MOX pellets 30x 50 0.2431 265.80 27.96 6.40 0939 0941 1.00 115.0
STD Ash-1 a46x100| 12217 | 21992 | 1319 2892 | 2378} 1.19 1.005 | 108.0
STD SGA-100| 140x 50 3.61 10 031. 4145 97.5 3.962 2.55 1.009 114.8
8Aipha calculated for pure oxide matrix.
.-

additional carbon, calcium, oxygen, etc., increase the (o,n)
reaction rate compared with a pure PuQ; sample, and the
multiplicity analysis calculates a based on the higher
moments in the neutron distribution.

If there is no multiplication in the samples, the rario of
T/(1 + @) is a linear function of the 240Pu-eff. mass. Fig-
ure 18 shows a plot of the data in Table V and we see the
almost-linear relationship between T/(1 + o) and 240Py-eff.,
but with a small amount of multiplication-induced increase in
T for the 100-g sample. The ash and diatomaceous earth
matrix fillers dilute the high-mass samples by more than an
order of magnitude. The good fit in Fig. 18 verifies that the
large a values calculated by the multiplicity analysis are
accurate for these samples.
© MMARY The PSMC was designed to be highly efficient to give good
counting statistical precision on the triples counts in reason-
able time intervals. A typical high-bumup MOX sample
containing a few hundred grams of plutonium gives 1% to
2% precision in a 1000-s measurement.

The PSMC can be used for small samples and pure samples

using the conventional two-parameter assay. For impure
samples, the multiplicity analysis can be used to reduce the

19
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T\ + alpha)

200 py.ott. (g)

Fig. 18. The toials rate corrected jor the a value [T!(]1 + a)] vs the
240py-eff. mass for impure plutonium mixtures.

errors from incorrect a values calculated from the isotopic
ratios. For large MOX samples (23 kg of plutonium), the
errors from the multiplicity analysis become excessive, and
the conventional coincidence analysis usually gives more
accurate 1-5sults.

The PSMC will be cvaluated by the IAEA under field condi-
tions beginning in September 1992.
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